Hydraulic transportation of the piped carriage is a new energy-saving and environmentally-friendly transportation mode. There are two main states in the conveying process, stationary and moving. In the process of hydraulic transportation of the piped carriage, the study of the stress of the water flow act on the cylinder wall of the piped carriage can help to improve the design of the piped carriage structure and even the selection of piped carriage materials. The distribution of flow velocity around the stationary piped carriage and the stress distribution on the cylinder wall of the stationary piped carriage were investigated by combining numerical simulations with model experiment verification. The commercial finite element software, Comsol Multiphysics, was utilized to solve this problem using the arbitrary Lagrangian-Eulerian (ALE) method. The results showed that the simulation results were in good agreement with the experimental results. It also showed that the ALE method can well be applied for fluid-structure problems in the process of hydraulic transportation of the piped carriage. The simulation results showed that the low velocity region near the inner wall of the pipe was smaller than that near the outer wall of the piped carriage, and both regions decreased with the increase of the discharge. The maximum stress on the cylinder wall of the piped carriage appeared between the two support feet in the middle and rear sections of the cylinder. The influence of the unit discharge on wall stress increased with the increase of the discharge, that is, k 1 < k 2 < k 3 . Moreover, the increase of the discharge had the greatest influence on the circumferential component of the principal stress of the cylinder, followed by the axis component, and the smallest influence on the wall shear stress of the cylinder, i.e.,
Introduction
The hydraulic capsule pipeline (HCP) is a new pipeline hydraulic transportation mode after the slurry pipeline transportation mode and the material-log pipeline transportation mode. Compared with traditional pipeline transportation and other modes of transportation, it has more advantages:
height [23] , the guide vane length [24, 25] , and the guide vane placement angle [26] [27] [28] . The relationship between the structural parameters and the transportation speed and energy consumption of piped carriage hydraulic transportation was explored. The influence of different structure parameters of the piped carriage on the flow field in the pipe during the transportation process was studied. The relationship between the flow field and energy consumption in piped carriage hydraulic transportation was constructed. 2 The relationship between conveying conditions and energy consumption of a single piped carriage hydraulic transportation. Another important factor affecting the transportation speed and energy consumption of the piped carriage is the conveying conditions. The research group had done in-depth research from different Reynolds numbers [29] , and the load [30] . Considering the speed and energy consumption of the piped carriage, it was concluded that the transportation efficiency of the piped carriage increased first and then decreased with the increase of the Reynolds number, and reached the maximum when the Reynolds number was 200,000. The load was almost inversely proportional to the average speed of the piped carriage. 3 The relationship between the configuration of piped carriages, transportation conditions and energy consumption [31, 32] . The optimum distance between the piped carriage should be between 35 cm and 50 cm. Under the same distance, the greater the discharge, the greater the hydraulic loss of the flow in the test section, that is, the greater the energy consumption.
However, no matter whether a model experiment or numerical simulation is used, the stress distribution on the cylinder wall of the piped carriage in the pipe flow has rarely been studied. Only a few scholars had a few explanations of simple theories. Therefore, through numerical simulation and model experiment verification, this research explored the stress distribution of the fluid on the cylinder wall of the piped carriage when it was stationary in the pipe flow. This investigation helps to improve the relevant theory and provide some reference.
The fluid-structure interaction is involved in the hydraulic transportation process of the piped carriage. In the process of water driving the piped carriage, the stress of water acting on the piped carriage causes the deformation of the piped carriage, and the deformation of the piped carriage also acts on the pipe flow, and the flow filed has changed. Therefore, the bidirectional fluid-solid coupling was adopted in the model establishment. There are many different ways to solve the problem of fluid-solid coupling, such as the immersed boundary method (IBM), Lattice Boltzmann methods (LBM) and arbitrary Lagrangian-Eulerian (ALE) method [33] . This model was solved by arbitrary Lagrangian-Eulerian technique (ALE). The arbitrary Lagrange-Euler (ALE) method is based on the arbitrary movement of reference points, accompanied by a good "mesh moving algorithm", which is used as a mobile mesh type calculator. By reconstructing the mesh through the motion of the structure, the solution can deal with the problems of the moving boundary, free surface, large deformation and interface contact with high accuracy [34, 35] . The commercial finite element software, Comsol Multiphysics 5.4, was utilized to solve this problem using the arbitrary Lagrangian-Eulerian (ALE) method.
This article is presented as follows. The Section 2 is the theoretical analysis, including the introduction of the piped carriage model and the wall shear stress analysis of the piped carriage. Sections 3 and 4 are the specific governing equations, parameter setting of the fluid-solid coupling numerical simulation method and the model experiment arrangement respectively. Section 5 is the verification and analysis of the numerical simulation results compared to the experiment results. The analysis and discussion of the simulation results of the flow field around the piped carriage and the stress distribution on the cylinder wall when it is stationary in the straight pipe flow are shown in Section 6. The main conclusions are given in Section 7.
Theoretical Analysis

Piped Carriage Structure
As a new technology, the hydraulic transportation system using the piped carriage as a carrier has been developed in recent years. In the system, the delivered material is sealed in a cylindrical container which is transported in a closed pipeline to the destination. During the container transportation process, the water pressure difference between both ends of the cylinder serve as power. The schematic diagram of the piped carriage model used in this experiment is shown in Figure 1 . It is mainly composed of four parts: The cylinder, plug, support body and support foot [19, 20] . As the core component of the piped carriage, the cylinder is used to store the materials that need to be transported. The support feet were installed on the support body and distributed with 120 • spacing, which ensured the concentricity between the piped carriage and the pipe. The end of the support body was equipped with universal balls, which were used to reduce the movement resistance between the piped carriage and the pipe during operation. 
Force Analysis
Consider a piped carriage resting on the pipe flow, as shown in Figure 2 . The flow direction was from left to right. Along the direction of pipe flow, the left end of the piped carriage is defined as the rear-end and the right end is defined as the front-end. The forces acting on the piped carriage include hydrodynamic pressure at both ends of the piped carriage, shear stress on the cylinder wall of piped carriage and rolling friction caused by contact between the support feet of the piped carriage and the pipe wall. The balance of these forces in the direction of pipe flow yields.
Let ε = L c /D c , which is the length-diameter ratio of the piped carriage. The motion models of the stationary piped carriage were deduced from Equation (1), which can be simplified as:
where ∆P c is the pressure difference across the ends of the piped carriage, D c and L c are the diameter and length of the cylinder of the piped carriage, respectively. τ c is the average shear stress on the cylinder of the piped carriage, µ is the dynamic friction coefficient, F N is the supporting force at the contact of the piped carriage support feet and the pipe inner wall. Similarly, consider the balance of forces acting on the annular slit flow ignoring the influence of piped carriage feet on it, where in the region between the pipe and the piped carriage, yields:
Let k = D c /D p , which is the diameter ration between the piped carriage and the pipe. Thus, the Equation (3) can be written as:
Combining Equations (2) and (3) yields:
The relationship between τ p and τ c can be written as follows [36] :
Substituting Equation (6) into Equation (5) to obtain:
Equation (4) can be rewritten to as follows:
where ∆P c /L c represent the actual pressure gradient. The right-hand side of the Equation (8) is the Darcy-Weisbach formula [7] . The λ a is the resistances factor for the annular slit flow. v a is the average velocity of the annular slit flow. Thus, substituting Equation (6) into Equation (8) yields:
The resistances λ a are related to the characteristic length, i.e., the hydraulic radius. In this article, the piped carriage is approximated as a cylinder, and the hydraulic radius is calculated by (1−k)D p [10] . Then, the Reynolds number of the annular slit flow between the pipe and the piped carriage can be calculated as follows.
where ν is the kinematic viscosity, ν = 0.01775 1+0.0337t+0.000221t 2 ; t is the water temperature. After calculating Re a , the value of λ a can be obtained by looking up the Moody diagram or by calculating the following formula [37] :
Re a 0.9 )
The applicable conditions of the formula are 10 −6 ≤ ∆/d ≤ 10 −2 , 5 × 10 3 ≤ Re a ≤ 10 8 , in which ∆ is the equivalent roughness of the pipe, the value of plexiglass is 0.005, D c is the diameter of the pipe, 100 mm, so the relative roughness ∆/D c is 5 × 10 −5 .
Methods
Model Setup in COMSOL Multiphysics
The geometric model of pipe and piped carriage was built by AutoCAD2007 software. The model size was consistent with the specific size of the model experiment. The inner diameter of the pipe was 100 mm. According to the results of model experiment, the pipe length was 150 mm from the rear-end of piped carriage and 1000 mm from the front-end of piped carriage. Four sizes had been selected for the model of the piped carriage. The specific parameters were shown in Table 1 . The material of the cylinder is plexiglass with a thickness of 5 mm. There were cylinder plugs with a thickness of 10 mm at both ends of the cylinder. The material of the plugs was also made of plexiglass. The cylinder and plugs were sealed by internal and external threads. The outer part of the plug was a cylindrical support connected by a support and a metal connector. The model simplified the support and the metal connector, and retained only part of the metal connector, as shown in Figure 3a . The thickness of the connector was 2 mm and the length and width were 15 mm and 28 mm, respectively. Its material is stainless steel. The quasi-cylindrical support foot consisted of a cylinder and a hemisphere. The diameter of the cylinder and the hemisphere was 8 mm, and the length of the cylinder was 20 mm. The material of the quasi-cylindrical foot was also stainless steel. The geometric model built by AutoCAD2007 software was imported into COMSOL Multiphysics 5.4. The absolute import tolerance is 1 × 10 −5 . Finally, a consortium was formed. The pipe flow through the piped carriage is a fully developed turbulence, and the Reynolds number is more than 1 × 10 5 . Therefore, the high Reynolds model, i.e., the standard k-ε model, was used for the fluid calculation. The parameters of the standard k-ε model have been checked by the pipe flow test, and the calculation of turbulence in the pipe flow has good stability and reasonable accuracy. For the near-wall region, the turbulent boundary layer is very thin and the gradient of the variables is very large. The standard k-ε model is no longer applicable. In this article, the standard wall function method was used to solve the variables near the outer wall of the piped carriage and the inner wall of the pipe.
Definitions
Fluid Properties
The pipe flow belongs to viscous incompressible Newtonian fluid, its state is described by the velocity and pressure fields u f , p f . The continuity equation and the Reynolds time-averaged Navier-Stokes momentum equation can be expressed respectively as [33, 38] :
where ρ f is the fluid density, I is the unit diagonal matrix, F is the volume force.
According to the fluid characteristics of water flowing through the piped carriage, the standard k-ε model was chosen to simulate. Some hypotheses were considered: The steady and incompressible fluid, regardless of heat exchange, ignored the influence of gravity on the pipe flow. The equations of the turbulent kinetic energy (k) and the dissipation rate of turbulent energy (ε) are as follows [38, 39] . The turbulent eddy viscosity, µ t , is estimated using the Boussinesq approximation.
The equations of the turbulent kinetic energy:
The dissipation rate of turbulent energy:
Turbulent viscosity:
where P k is a term of turbulent kinetic energy k caused by the mean velocity gradient,
; σ k and σ ε are Prandtl numbers corresponding to turbulent kinetic energy k and the dissipation rate ε, respectively.
In the inner wall of the pipe and the outer wall of the piped carriage, the influence of flow conditions on the wall is obvious, and the standard k-ε model is no longer suitable in this region. For this region, the wall function method was used to solve the problem. The semi-empirical formula was used to link the physical quantities on the wall with the solving variables in the turbulent core region [40] . In order to establish the wall function, two dimensionless parameters u + and y + were used to represent the velocity and distance, respectively.
where u f represents the average velocity of water flow, u τ represents the wall friction velocity, u τ = (τ w /ρ f ) 1/2 , τ w represents the wall shear stress, and ∆y represents the distance from the wall.
(1) Variable u f When the control volume node adjacent to the wall satisfies y + > 11.63 and the flow is in the logarithmic law layer, the velocity u + can be calculated according to Equation (17), i.e.,
The distance y + is given by:
Then, the wall shear stress should satisfy the following relationship:
where u f denotes the time-averaged velocity of the node, k denotes the turbulent kinetic energy of the node, ∆y denotes the distance from the node to the wall, and µ denotes the dynamic viscosity of the flow. When y + < 11.63, the flow is in the viscous layer, and the velocity is linearly distributed along the normal direction of the wall.
(2) k and ε
In the k-ε model, the k equation is solved on all computational domains including the control volume adjacent to the wall. The boundary condition of turbulent kinetic energy k on the wall is ∂k ∂n = 0, where n represents the local coordinates perpendicular to the wall. In the control volume adjacent to the wall, according to the local equilibrium assumption, the turbulent kinetic energy generation terms G k and ε are equal.
Structure Properties
The structure is plexiglass and compressible. The conservation equation of the structural domain can be derived from Newton's second law [40] :
where ρ s is solid density and σ s is the Cauchy stress tensor which is related to the second Piola-Kirchhoff stress as: (24) and (25). f s is the volume force vector and .. d s is the local acceleration vector in the structural domain. In this study, the piped carriage is in a static state, so ..
where E and ν s are Young's modulus and Poisson's ratio of organic glass respectively. The specific values are shown in Table 1 .
Interaction Conditions
The fluid-solid coupling follows the basic conservation principle and meets the kinematic conditions (also called displacement coordination) d f = d s and dynamic conditions (also known as force balance) n · τ f = n · τ s on the cylinder wall of the piped carriage. d f and d s represent the displacement of the pipe flow and the piped carriage respectively. The piped carriage is in a static state, so d f = d s = 0. τ f and τ s represent the stress of the pipe flow and the wall of the piped carriage respectively.
The model of the stationary piped carriage in the straight pipe flow belongs to the steady state, and the position of the fluid nodes on the coupling interface is determined by kinematic conditions. Therefore, the velocity of the pipe flow at the coupling interface is zero. The flow distribution force on the coupling interface is integrated into a concentrated force applied on the structural nodes according to Formula (26) .
where h d is the displacement of the structural point.
Boundary Conditions
The no-slip condition was applied at the wall boundary, where the velocity near the piped carriage wall is considered zero.
The boundary condition of the entrance was set as velocity, which is described by the velocity field u 0 (u(y,z), 0, 0). u(y,z) defines its exponential velocity distribution by the measured velocity at the inlet section. u(y, z) = u p ((0.05 − y 2 + z 2 )/0.05) 1 /8 [26] , where u p is the average velocity of the section in the pipe flow. The turbulence length scale L T and the turbulence intensity I T were obtained using Equations (27) and (28) respectively.
The outlet boundary was set as a pressure condition, and its value can be set arbitrarily in the incompressible case. In the compressible structure case, this can affect the stress, thus affecting the deformation of the solid [41] . In this proposal, the reference pressure was set at the outlet of the flow to zero [42, 43] , and the reflux was suppressed.
Finite Elements Mesh
In order to realize the irrelevance of the grid, the density of the grid was gradually increased. Under the condition of the discharge was 50 m 3 ·h −1 in the pipe, the influence of different grid sizes on the principal stress of the middle cylinder wall of the stationary piped carriage in the straight pipe was compared until the difference was less than 3%. Therefore, a reasonable grid size was selected. The different subregion densities were used to reduce the computation and simulation time. The pipe flow was gridded with the maximum unit size of 5 mm. The piped carriage was gridded with the maximum unit size of 2 mm. The number of layers for boundary layer was set to 5, the thickness of the first layer grid was set to 0.005 mm, and the scale factor between layers was set to 1.2. The final model consisted of 1,245,910~1,752,472 elements. Figure 4 is the pipeline system diagram of the experiment. The pipeline system mainly consists of 5 mm thick plexiglass pipes, 15 mm thick plexiglass flanges, a water tank, a centrifugal pump, an electromagnetic flowmeter and a placement device [22, 26] . 
Experimental Setup and Conditions
Laser Doppler Velocimetry (LDV)
In order to measure the three-dimensional velocity of the annular slit flow, on the basis of the built-in coordinates of the coordinate frame, the direction along the flow direction is the X-axis, vertical to the X-axis and in the same horizontal plane is the Y-axis. According to the right-hand helix, the direction perpendicular to the horizontal plane is the Z-axis, as shown in Figure 2 . During the testing program, the flow was seeded with polystyrene with an average particle size of 6 µm to increase the data collection rate for the LDV. The probe was mounted on a controllable coordinate frame, and the position of the measuring point was controlled intelligently by a computer to move it. The refraction and scattering of light were reduced by installing a square water jacket at the test position. The processor control target efficiency was 55% with a medium signal-to-noise ratio. The frequency and real-time speed of the measuring points were calculated by the software built-in program and displayed intuitively on the computer screen.
Piped Carriage Force Measuring System
The piped carriage force measuring system is a customized stress change testing system for testing the stress on the cylinder wall of the piped carriage. The test system consists of three parts: The main engine of the piped carriage force measurement system, the gateway of the piped carriage force measurement system, and the system software TSTDAS V5.0, as shown in Figure 5 . The instrument has eight measurement channels. Each channel has an independent conditioning circuit and an independent 24 bits ADC, which ensures that each measurement channel has a high signal-to-noise ratio, isolation between channels and parallel synchronous acquisition of each channel. The instrument has a built-in large capacity memory, realizing the off-line collection of the pipe carriage in the pipe. The instrument adopts ZigBee wireless transmission, which facilitates the use of the system. The instrument has a built-in lithium battery, which solves the power supply problem of field work. The instrument has an intuitive working state indication. The instrument is built into a piped carriage with a measurement range of ±15,000 µε, a resolution of 1 µε, and a measurement accuracy of ±0.3% FS ± 1 µε. The sampling frequency of each channel is 256 HZ. The force measuring system was placed in the piped carriage and connected with the right angle strain flower fixed on the cylinder of the piped carriage. The type of right-angled strain flower used in the test is BX120-3CA, the resistance value is 119.8 ± 0.3 Ω, and the sensitivity is 2.08 ± 1%. The optimum position of the patch with right-angled strain flower was determined by the optimization method [44] . The location datum of the patch was the midpoint of the 45 • patch, and the piece was parallel to the axis of the piped carriage, as shown in Figure 5 . This patch positioning scheme can minimize the inherent measurement error of the right-angled strain flower.
Selection of Cross Section and Layout of Measurement Points
The piped carriage was located 5.5 m away from the braking device and 6.0 m away from the entrance of the bend pipe, which satisfied the steady flow condition [45, 46] 
The Layout of Measuring Points in LDV Measuring Flow Field Near the Cylinder Wall of Piped Carriage
Thirty-two test sections were arranged along the direction of the water flow into the piped carriage. Within 20 cm of the front and rear ends of the cylinder, one test section was arranged every 2 mm, and one test section was arranged every 10 mm in the middle section, as shown in Figure 6a . Each test section was equipped with a measuring point every 30 • along the body radius direction. The top of the cylinder of the piped carriage was defined as 0 • . Twelve measuring points were arranged clockwise along the flow direction in each test section, as shown in Figure 6b . There were 384 measuring points around the cylinder of the piped carriage. Each measuring point was 0.1 mm away from the cylinder wall of the piped carriage. 
The Layout of Measuring Points in Measuring the Principal Stress by Pipeline Force Measuring System
Influenced by the number of channels and the size of right-angled strain flower, six test sections were arranged on the cylinder wall of the piped carriage. The layout of the measuring points of each test section was the same as that of the flow field. Therefore, there were 72 measuring points in the cylinder wall of the piped carriage.
Design of Conditions
The wall stress distribution of the piped carriage in the pipe flow is of great significance to the hydraulic transportation of the piped carriage, especially in the selection of material for the cylinder of the piped carriage. Four flow conditions and four sizes of the piped carriage were selected. The material of the cylinder is plexiglass. The Young's modulus E and Poisson's ratio of plexiglass ν s were measured by the nanoindentation testing system of Nano Indenter G-2000. The relevant flow parameters were summarized in Table 1 .
Validation of Simulated Results
In order to verify the reliability of the numerical simulation, the simulation results were verified by experiment results on the axial velocity of the water flow 1 mm away from the cylinder wall of the piped carriage and the distribution of principal stress on the cylinder wall of the piped carriage. The validation experiment was carried out on the piped carriage of D c × L c = 80 mm × 150 mm with discharge of 30 m 3 ·h −1 in pipe. Due to the existence of the support feet of the piped carriage, the distribution of the flow field around the cylinder of the piped carriage and the distribution of the principal stress on the cylinder wall of the piped carriage were symmetrical with respect to the Z axis, so only the cases of 0~150 • were listed. In the horizontal coordinates of Figures 7 and 8 , 0 mm corresponded to the rear-end and 150 mm corresponded to the front-end of the cylinder. Figure 7 showed a comparison between the experimental and simulated values of the axial velocity of water flow at a distance of 1 mm from the cylinder wall of the stationary piped carriage in a horizontal pipe flow. As shown in Figure 7 , the simulation results were in good agreement with the experiment results. The maximum relative error did not exceed 8.21%. The value and distribution of the axial velocity of the flow near the cylinder wall of the piped carriage had a great influence on the value and distribution of the shear stress on the cylinder wall of the piped carriage. Figure 7a ,e showed the distribution of the axial velocity at the positions of 0 • and 120 • . This position was just between the two support feet of the front and rear ends of the piped carriage. Due to the influence of the support feet of the piped carriage, the axial velocity showed a characteristic distribution whose profile is like the roman character "n". The minimum value of axial velocity occurred at the position of 2-12 mm from the rear-end, and its value was almost zero. When θ was equal to 0 • , that is the top position of the cylinder, the maximum value appeared near the 110 mm of the cylinder. When θ was equal to 150 • , the maximum axial velocity on the cylinder wall was slightly delayed, which was approximately 120 mm. Figure 7b ,d,f showed the axial velocity at 30 • , 90 • and 150 • respectively, all these curves showed a "M" changing trend. This is mainly because the three angles were located close to the support feet, so the distribution of axial velocity was similar. The two peaks occurred at the positions of 5 mm and 140 mm of the cylinder respectively, and the maximum axial velocity was at the position of 140 mm. The minimum axial velocity appeared near the 12 mm. The axial velocity decreased slightly before the maximum value appeared, and the location was approximately the same. Figure 7c was the distribution of the axial velocity on the cylinder wall when the θ was 60 • . This position was located in the middle of the two groups support feet, and it was also the position where the support feet of the piped carriage had the least influence on the axial velocity. It was similar to the distribution of the axial velocity at the positions of the θ = 30 • , θ = 90 • and θ = 150 • , and also showed a M distribution. The location of the maximum and minimum values was also approximately the same. The ratio of the two peaks at θ = 60 • was approximately 0.7, while the ratio of the two peaks at θ = 30 • , θ = 90 • and θ = 150 • was approximately 0.5. Figure 8 showed the comparison between the simulation and experimental values of the circumferential component of the principal stress on the cylinder wall of the piped carriage (0~150 • ). It can be seen from the figure that the simulated and experimental values of the circumferential component of the principal stress on the cylinder wall of the piped carriage were basically the same, and the maximum relative error was less than 9.80%. Figure 8a ,e were the distributions of the circumferential components of the principal stress on the cylinder wall between the two support feet of the piped carriage, i.e., θ = 0 • and θ = 120 • . The distributions were similar. The maximum value appeared near the location of 125 mm of the cylinder. Its value was approximately 6000 Pa. The circumferential component of the principal stress at the front and rear ends of the cylinder was smaller, and its value was approximately 1000 Pa. The circumferential component of the principal stress in the middle of the cylinder decreased slightly. On the whole, the circumferential component of the principal stress on the cylinder wall presented M distribution. Except for the location of the θ = 90 • , the maximum circumferential component of the principal stress on the cylinder wall appeared near the 30mm position. The maximum value was approximately 8000 Pa, and the minimum value also appeared at both ends of the cylinder. Figure 8d was the distribution of the circumferential component of the wall principal stress when the θ = 90 • . The maximum value of the circumferential component appeared near the location of 10 mm, and the maximum value was approximately 9000 Pa. It was also the maximum value of the whole cylinder wall under this condition. Figure 9 showed the velocity distribution cloud of the XZ plane of the piped carriage D c × L c = 80 mm × 150 mm at a different discharge in the pipe. The inlet of the test section was on the left, hence, the flow direction was from left to right. From the figure, it can be seen that the existence of the piped carriage made the velocity distribution of the pipe flow change greatly. As compared to a single phase flow where it is known, the velocity distribution of the pipe flow is logarithmic, and the streamline is parallel to the pipe axis [47] . There was a vortex region (often called wake vortex region) extending backward along the downstream direction of the piped carriage. There were symmetrical vortices in this region, and the rotation direction was different. This is because the pipe flow from the upper and lower surfaces of the piped carriage met downstream of the piped carriage, and they retained the momentum of the spreading direction. Therefore, the fluid on both sides of the interface had opposite transverse velocity components. It was also a discontinuous section of tangential velocity. In essence, it was also a vorticity surface. The axis direction of the vortices on the vortices should be perpendicular to the velocity difference, so the wake region had different rotational directions along the flow direction [48] . By comparing the flow field around the piped carriage at a different discharge in the pipe, it can be seen that with the increase of the discharge around the piped carriage, the flow velocity around the piped carriage increased gradually, especially the region between the piped carriage and the pipe. This is mainly due to the gap region of water passing between the piped carriage and the pipe, and the change of flow velocity caused by the change of the unit discharge was larger than that in other regions. In the gap region between the piped carriage and the pipe, the velocity gradient varied greatly. The velocity of the flow near the outside wall of the piped carriage and the inside wall of the pipe was very small, and the velocity of the flow in the middle position was very large. This phenomenon conformed to the theory of viscous substratum [37] . Moreover, the low velocity region near the inner wall of the pipe was smaller than that near the outer wall of the piped carriage. This is because the pipe flow in the inner wall of the pipe was mainly affected by the frictional resistance caused by the fluid viscosity, while in the outer wall of the piped carriage, the flow was not only affected by the frictional resistance, but also by the pressure difference resistance caused by the flow separation [49] . The low velocity region near the outer wall of the piped carriage and the inner wall of the pipe decreased with the increase of the discharge in the pipe. Figure 10 showed the XZ plane velocity distribution of the piped carriage with different sizes when the discharge of the pipe flow was 50 m 3 ·h −1 . By comparing the velocity distribution of different sizes of the piped carriage, it can be seen that when the length of the barrel was fixed, the bigger the diameter of the cylinder was, the greater the velocity of the flow around the piped carriage, and the longer length of the downstream wake vortex region of the piped carriage. When the diameter of the cylinder was a constant, the wake vortex region of the piped carriage was longer, but the velocity around the piped carriage did not change remarkably. Therefore, the diameter of the cylinder had greater influence on the flow field around the piped carriage than the length of the cylinder. Figure 11 showed the wall shear stress distribution of the piped carriage D c × L c = 80 mm × 150 mm at a different discharge in the pipe. Compared the shear stress on the cylinder of the piped carriage with a different discharge in the pipe, it can be seen that the wall shear stress of the cylinder increased with the increase of the discharge in the pipe. This is because the shear stress on the cylinder wall of a piped carriage was proportional to the square of the gap velocity between the inner wall of the pipe and the outer wall of the piped carriage, as shown in Formula (9) . The increase of the discharge in the pipe inevitably lead to the increase of flow velocity in this gap region, so the wall shear stress increased. The wall shear stress of the cylinder of the piped carriage was greater than zero, which showed that the wall shear stress along the direction of the pipe flow was consistent with the theoretical analysis of Section 2.2. It can also be seen from the figure that the shear stress on the cylinder wall of the piped carriage was symmetrical with respect to Z axis, and the maximum shear stress appeared in the middle and rear sections of the cylinder, and lied between the two groups of support feet, such as, between 0 • and 120 • . However, the wall shear stress between the front and back support feet was smaller. This is mainly affected by the support feet of the piped carriage, as shown in Figure 9 , the flow velocity between the front and back support feet groups was smaller than that in other positions of the annular gap. Figure 12 showed the distribution of shear stress on the cylinder wall of different sizes of the piped carriage when the discharge of pipe was 50 m 3 ·h −1 . The distribution of shear stress on the cylinder wall of different sizes of the piped carriage was basically the same. Compared with Figure 12a -d, it can be seen that the greater the diameter, the greater the wall shear stress. This is due to the increase of the diameter of the piped carriage, resulting in the reduction of the gap region around the piped carriage, thus increasing the flow velocity of the annular gap, and increasing the wall shear stress. However, the length of the cylinder had little effect on the wall shear stress. 
Velocity Distribution
The Circumferential Component of the Principal Stress
Results and Discussion
Velocity Distributions
Wall Shear Stress Distributions
Principal Stress Distributions
The principal stress on the cylinder wall of a piped carriage is divided into the axial component σ a parallel to the axial direction of the pipe carriage, the circumferential component σ c perpendicular to the axial direction of the pipe carriage, and the radial component σ r along the radius direction. The three component values are expressed as: σ a > σ c > σ r . Figure 13 is the principal stress distribution diagram on the cylinder wall of piped carriage with D c × L c = 80 mm × 150 mm at a different discharge. As can be seen from the Figure 13 , with the increased of the discharge in the pipe, the three components of the principal stress on the cylinder wall of the piped carriage increased, and the influence of the discharge on the three components of the principal stress was described in detail in Section 6.4. The distribution of the circumferential and axial components of the principal stress was similar. From the rear-end to the front-end of the cylinder, the distribution of stress components shows the M type, first increased, then decreased, then increased and decreased. The minimum value appeared at the rear-end and front-end of the piped carriage, and was negative. The two peaks appeared near the position of 25 mm from the rear-end and the front-end of the cylinder respectively, and the maximum appeared between the two groups of support feet near 25 mm from the rear-end of the cylinder. This is mainly due to the separation of flow caused by the pipe flow passing through the rear-end of the piped carriage, which resulted in a reverse pressure zone, in which the direction of the flow changed, resulting in a negative circumferential and axial component of the principal stress. When the flow field was separated from the rear-end of the piped carriage, the pressure decreased rapidly, and then the separated fluid re-attached to the cylinder wall. When the fluid arrives at the front-end of the piped carriage, the moving fluid must not only overcome the viscous effect of the outer wall of the piped carriage, but also resist the pressure difference caused by the sudden expansion of the water-crossing section, so that the flow separates again. When some fluid particles are insufficient to overcome the two effects, there would be a reflux in the reverse pressure zone again, and negative values of the circumferential and axial components of principal stress appear again. The radial component of the principal stress on the cylinder wall of the piped carriage was very small compared with the other two components of the principal stress. The minimum value also appeared in the front and rear ends of the cylinder. Figure 14 showed the principal stress distribution on the cylinder wall of different sizes of the piped carriage when the discharge of the pipe was 50m 3 ·h −1 . By comparing the distribution of the three components of the principal stress on the cylinder wall of the piped carriage with different sizes, it can be seen that when the cylinder length L c of the piped carriage was a constant, the larger the diameter D c was, and the larger were the three components of the corresponding principal stress. However, when the diameter D c of the cylinder was a constant, the shorter the length L c of the cylinder, the greater the three components of the principal stress. 
Effect of Discharge on the Wall Stress of Piped Carriage
In this paper, the influence of the discharge on the three components of principal stress and shear stress of the cylinder wall was discussed by taking the middle position of the cylinder of the piped carriage (D c × L c = 80 mm × 150 mm) as an example when the θ = 0 • , as shown in Figure 15 . Variable k was used to express the effect of unit discharge on the wall stress of the piped carriage.
where ∆M represents the stress difference on the cylinder wall of the piped carriage; ∆Q represents the discharge difference of the pipe flow. From Figure 15 , it can be seen that the change of the unit discharge had the greatest influence on the circumferential component of the principal stress and the smallest influence on the wall shear stress of the cylinder. In this article, the slope of stress on the cylinder wall of the piped carriage between the different discharge sections was recorded as k 1 , k 2 and k 3 . The corresponding stress was added with the corresponding lower corner mark. The slopes of the unit discharge stress change of the three components of the principal stress and shear stress on the cylinder were expressed by k τ c , k σ c , k σ a and k σ r respectively. As can be seen from Figure 15 , the relation was k σ c > k σ a > k σ r > k τ c . For the three components of principal stress and wall shear stress, the stress change rate of smaller discharge was less than that of the larger discharge, that is, k 1 < k 2 < k 3 . It shows that the larger the discharge was, the greater was the influence of the unit discharge on the stress of the piped carriage.
Conclusions
In the process of hydraulic transportation of the piped carriage, the study of the stress of the water flow act on the cylinder wall of the piped carriage can help to improve the design of the piped carriage structure, and even the selection of piped carriage materials. It has important engineering significance in improving transportation efficiency and reducing energy consumption. The distribution of the flow field around the piped carriage and the stress distribution on the cylinder wall of the piped carriage were investigated by numerical simulation methods, when the carriages were stationary in different flow conditions. The reliability of the simulation results was verified by the model experiment. The experimental and simulated axial velocity values and circumferential component of the principal stress presented maximum deviations of 8.21% and 9.80% respectively, which showed that the arbitrary Lagrangian-Eulerian (ALE) method can be applied for fluid-structure problems well. The following conclusions can be drawn from this study.
-
With the increase of the discharge in the pipe, the flow velocity around the piped carriage increased obviously, especially in the region between the inner wall of the pipe and the piped carriage. The influence of the diameter of the cylinder D c on the flow field around the piped carriage was greater than that of the length of the cylinder L c . -
The wall shear stress on cylinder of the piped carriage was greater than zero, that is, the wall shear stress along the direction of the pipe flow, and the maximum value appeared between the two groups of support feet in the middle and rear section of the cylinder. When the length of the cylinder L c was fixed, the larger the diameter of cylinder D c , the greater the wall shear stress. -
The stress components on the cylinder wall of the piped carriage obeyed the rule as follow: σ a > σ c > σ r . From the rear-end to the front-end of the piped carriage, the distribution of stress components shows the M type, first increased, then decreased, then increased and decreased. The minimum value appeared at the rear-end and front-end of the piped carriage, and it was negative. The maximum value appeared between the two groups of support feet 25 mm away from the rear-end of the cylinder. When the length of cylinder L c was fixed, the larger the diameter D c was, the greater were the three components of the corresponding principal stress. When the diameter of the cylinder, D c , was a constant, the shorter the cylinder length L c , the greater the three components of the principal stress. -
The larger the flow, the greater the influence of unit flow on the wall shear stress and principal stress of the piped carriage, that is, k 1 < k 2 < k 3 . At the same time, the increase of the flow has the greatest influence on the circumferential component of the principal stress of the cylinder, followed by the axis component, and the smallest influence on the wall shear stress of the cylinder, i.e., k σ c > k σ a > k σ r > k τ c .
In this study, Comsol Multiphysics was used to investigate the distribution of shear stress and principal stress on the cylinder wall of the piped carriage. This provides a theoretical basis for the capsule pipeline transportation mode and the material-log pipeline transportation mode. In addition to that, it also provides a research method for fluid-structure coupling problems, such as the flow around a cylinder. 
